ABSTRACT A low-profile wideband metasurface antenna with quad-polarization reconfiguration ability is presented in this paper. The proposed metasurface antenna is composed of a square patch, a metasurface formed by a lattice of 4 × 4 periodic metal plates, and four switchable feeding probes connected with two designed single-pole double-throws switches. By properly selecting the feeding probes, the polarization of the metasurface antenna can be dynamically reconfigured among four polarization states, i.e., x-direction linear polarization, y-direction linear polarization, left-hand circular polarization, and right-hand circular polarization. To validate the proposed concept, a prototype operating at 5.6 GHz with a relatively height of 0.067 λ 0 (λ 0 is the operating wavelength in free space) is designed, fabricated, and measured. The measured results show that both the 10-dB impedance bandwidths and the 3-dB axial ratio bandwidths are wider than 5.1-6.0 GHz for the linear and circular polarization states. The measured maximum gains are 9.39 dBic and 9.85 dBi for the circular polarization states and the linear polarization states, respectively. The simulation and experimentation verify that the proposed antenna can achieve quad-polarization reconfigurable features in a wide frequency band, which indicate the good performance of the proposed polarization reconfigurable metasurface antenna.
I. INTRODUCTION
In recent years, research on reconfigurable antennas, including pattern [1] , [2] , frequency [3] , and polarization [4] , [5] diversities, has received increasing attention in modern wireless communication systems. In particular, polarization reconfigurable antennas are desirable for many applications due to the ability to reconfigure the polarization states among dual orthogonal linear polarization (LP), left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP), which has the advantages of improving system performance through eliminating multipath fading [6] , a frequency reuse [7] , and avoiding polarization mismatch.
Recently, a number of polarization reconfigurable antennas [8] - [18] have been developed for wireless communication. Generally, polarization reconfigurable antennas can be realized by two kinds of technology. The first one is to introduce switchable perturbation segments in the antenna's internal structure directly, as in [9] - [12] , while the other one is to adopt a switchable feeding network, as in [13] - [15] .
In [9] - [11] , the current distributions for different polarization states on the radiation element were controlled by using RF switches. However, the dc bias circuit for RF switches was designed on the top layer, which may affect seriously the antenna performance. In [14] , the electrically controllable phase-shifting was introduced in the feeding network. By controlling the states of feeding network, the polarization of the proposed antenna can be switched among LP, LHCP and RHCP, or dual orthogonal linear polarization and dual orthogonal circular polarization, such as in [19] - [23] . Nevertheless, these antennas have a complex feeding network or multi-ports input, and their operating bandwidths are narrow.
In our previous work [24] , a wideband antenna array with quad-polarization reconfigurable ability was realized using four LP antenna elements, in which each polarization states are formed by four LP antenna elements. But as a common issue, the cross polarization levels of the array for the four polarization states are high in the diagonal plane. By using the similar schematic in [24] , the four radiating elements are arranged clockwise or anticlockwise and fed with equal amplitude and 90-degree phase difference for achieving CP waves. Due to the larger space between antenna elements, the condition, i.e., equal amplitude and 90-degree phase difference, is not satisfied strictly in the diagonal plane, which may decrease the cross polarization performance. To address this problem, a single antenna element with four feeding probes can be used to replace the four single-feeding radiating elements.
In this paper, we present a wideband quad-polarization reconfigurable metasurface antenna which consists of a square patch, a metasurface layer and four feeding probes with a switchable feeding network. By properly selecting the feeding probes, the proposed antenna can work at four polarization states, namely, X-LP, Y-LP, LHCP, and RHCP. The rest of this paper is organized as follows. Section II shows the design of the proposed metasurface antenna in detail. Both the simulated and experimental results are presented for comparison in Section III. Finally, the conclusions are drawn in Section IV.
II. ANTENNA GEOMETRY AND OPERATION PRINCIPLE A. CONFIGURATION OF ANTENNA
The geometrical configuration of the proposed metasurface antenna is shown in Fig. 1 . The whole antenna structure is composed of three layers: the metasurface layer, the driven patch layer, and the feeding network layer, which are designed on two 0.508-mm thickness RO4350 substrates (ε r = 3.66 and tanδ = 0.004 at 10 GHz), and a 0.508-mm thickness TLY-5 substrate (ε r = 2.2 and tanδ = 0.0009 at 10 GHz), respectively, as shown in Fig. 1(a) . The height of the air gap between the metasurface layer and the driven patch layer is h 4 . The driven patch layer and the feeding network layer are connected by using a piece of bonding film, which is a 0.1-mm thickness RO4450 substrate (ε r = 3.48 and tanδ = 0.004 at 10 GHz).
The metasurface layer is formed by a lattice of 4 × 4 periodic metal plates with periodicity p and a gap g between two adjacent plates. The driven patch layer consists of a square patch with a width of wp, and four feeding probes which are connected using two designed single-pole doublethrows (SPDT) switches. Four microstrip stubs with a dimension of Wm × Lm, are connected with the driven patch through PIN diodes for probe feed [25] . The driven patch is fed by a probe through a circular aperture at the ground plane. The diameters of the hole and the feeding probe are denoted as d, ds, respectively. The switchable feeding network is composed of a 2-way power divider and two SPDT switches, which are designed by using PIN diodes (MADP-000907-14020) from MACOM Company [26] . The PIN diodes can be activated by a dc voltage through a bias circuit, which uses a thin microstrip line as inductor and a sector microstrip as short capacitor. A shorting pin in the center of the driven patch is used to connect the patch the ground plane for the dc bias. The width w 50 of the input microstrip line is designed with a characteristic impedance of 50-ohm. To arrange the dc bias circuit, the size of the feeding network is deliberately designed a little larger than that of the metasurface layer, which may be reduced by using lumped elements in the design.
B. OPERATION PRINCIPLE
The initial size of the square driven patch can be determined by the following formula:
where λ 0 is the wavelength of the operation frequency in the air so that the patch resonates at TM 01 mode, and ε is the relatively permittivity of the substrate. To broaden the operating bandwidth, the metasurface layer is adopted in the design and loaded on the driven patch for introducing extra resonances generated by surface waves propagating on the finite-size metasurface. Considering the finite-size metasurface as a cavity, the resonance of surface wave is governed by the following equation [27] , [28] :
where β sw represents the propagation constant of the surface wave, and L (equal 4 × (p + g) here) is the total length of the metasurface structure. The four feeding probes can be switched by controlling the states of the two SPDT switches. As shown in Fig. 1(c) , the signal paths for the four ports are denoted as Path 1-4, respectively. The lengths of Path 1-3 are equal, and λ g /4 shorter than that of Path 4, where λ g is the wavelength of guided wave in the microstrip. By properly controlling the states of the two SPDT switches, the proposed antenna can work at four polarization modes. For example, when Probe 1 and 3 are selected, the antenna will radiate a LP wave in the far-field due to the equal amplitude and phase. A CP wave can be produced by choosing the Probe 1 and 4 (or Probe 2 and 4) because of 90-degree phase-shift. All four polarization states and the corresponding states of the four probes are summarized in Table I .
The proposed antenna has been simulated and optimized by using a full-wave commercial software, i.e., the HFSS simulator, and the final design values are listed in Table II . In order to clearly see the operation mechanism, the full-wave simulated 5.6 GHz vector surface current distributions on the metasurface and 3-D radiation patterns for the four polarization states are illustrated in Fig. 2 and Fig. 3 , respectively. From Fig. 2 , it can be clearly observed that the polarization of the proposed antenna can be switched among the four modes by selecting properly feeding probes. The simulated 5.6 GHz normalized radiation patterns in the diagonal plane (ϕ = +45 • ) for the X-LP mode are compared with the corresponding results in [24] , as shown in Fig. 4 . It can be easily demonstrated that the cross polarization level in the diagonal plane is significantly decreased. The other polarization states have similar results. The proposed metasurface antenna has a good polarization reconfigurable performance, and the full-wave simulated results for all polarization modes are presented and compared with the measured results in the following section.
III. SIMULATED AND MEASURED RESULTS
In order to validate the proposed concept, the designed prototype has been fabricated and measured. Fig. 5 shows the prototype of the designed polarization reconfigurable metasurface antenna. Nylon bolts having 3mm diameter and plastic washers with thickness of 2 mm are used to support the metasurface layer. The reflection coefficients for all four polarization states are measured by the Agilent Vector Network Analyzer, and the measurements for far-field property are carried out in a microwave chamber. The fast rotating method [29] , in which a fast rotating linearly polarized horn antenna is employed as a transmitting antenna, is adopted for the CP states.
The measured refection coefficients for the four states are compared with the corresponding simulated results in Fig. 6 . It can be seen that the results for the two LP (CP) modes are almost the same due to the symmetry of antenna structure. The measured 10 dB return loss bandwidths are 5.1-6.22 GHz for the two LP modes and 4.75-6.16 GHz for the two CP modes.
The measured gains and AR properties for the four polarization states are presented in Fig. 7 , where the corresponding simulated results are also included for comparison. The measured peak gains are 9.85 dBi, 9.87 dBi, 9.39 dBic and 9.54 dBic for X-LP, Y-LP, LHCP, RHCP modes, respectively, and the corresponding 3 dB gain bandwidths are 5. wave simulated gains. This discrepancy is caused by the additional losses from the two SPDT switches, SMA connector and copper which are not taken into consideration in the fullwave simulation. The measured radiation efficiency, defined as the ratio of the measured gain to the simulated directivity, at 5.6 GHz for the four polarization modes are 76.2%, 79.4%, 68.4%, 74.5%, respectively. From Fig. 7(b) and (c), it can be seen that the measured 3 dB AR bandwidths are from 5.0 to 6.0 GHz (17.8%) for LHCP mode and from 5.0 to 6.06 GHz (18.9%) for RHCP mode, which has some differences with the full-wave simulated results. In the HFSS software, the PIN diodes are modeled as low-resistance (2-) for ON state and open for OFF state. However, the accurate VOLUME 6, 2018 equivalent circuits for the PIN diodes are more complicated over the wide operating frequency band. At 6.2 GHz, the input impedances of the two paths have a big difference, which results in the imbalance of the power in the two paths. So the axial ratio is deteriorated. The measured results for the four polarization states, including operating bandwidths, peak gain, and radiation efficiency, are listed in Table III for more intuitive understanding.
The measured and simulated normalized radiation patterns at the two orthogonal cut-planes are compared at 5.2 and 6 GHz for the four polarizations modes, as shown in Figs. 8-11 . Generally, the measured results are in good agreement with the simulated one for the all polarization states. For the two LP modes, the measured cross-polarization levels at both E-and H-plane are lower than −26 dB as shown in Figs. 8 and 9 . From Figs. 10 and 11 , it can be observed that the proposed antenna has good CP radiation properties at the two CP modes over a wide frequency band. Both the simulated and measured results show the good performance of the proposed polarization reconfigurable metasurface antenna, and the polarization of the antenna can be electrically switched among four polarization modes, including X-LP, Y-LP, LHCP, and RHCP, by controlling the states of the two SPDT switches. Moreover, the proposed antenna has a wide operating frequency band for all the polarization states. In addition, the feeding network and the dc bias circuit are designed on the bottom layer, which has little effect on the performance of the antenna.
Finally, the performance of some up-to-date polarization reconfigurable antennas and this work is summarized VOLUME 6, 2018 in Table IV for comparison. Compared to our previous work [24] , the antenna proposed in this paper has the same good performance using only two SPDT switches. In addition, the size of antenna is significantly reduced. From Table IV , it can be concluded that the proposed polarization reconfigurable metasurface antenna in this work has advantages of wide impedance bandwidth, wide AR bandwidth for CP modes, high enough gain and a low profile structure with four polarization states.
IV. CONCULSION
To conclude, a low-profile wideband metasurface antenna with quad-polarization reconfiguration capability has been presented and designed in this paper. The four switchable feeding probes connected by two designed SPDT switches are introduced for achieving four polarization states. By controlling the states of the two SPDT switches, the operation of the proposed metasurface antenna can be switched among two orthogonal LP modes and two orthogonal CP modes. A prototype is fabricated and measured for the four polarization states, showing a reasonably agreement between the simulated and measured results. The proposed metasurface antenna has the advantages of low profile structure, quad-polarization reconfigurable ability, wide operating bandwidth, high enough gains as well as easiness of design and fabrication, and it can be potentially used for antenna polarization diversity application in the wireless systems. 
